Figure 1. Cartoon Model of Substrate Recognition and Degradation by a AAAϩ Protease
The recognition step is mediated by binding of a peptide tag (brown) on the protein substrate to a AAAϩ ATPase (blue). In subsequent steps, the protein is unfolded, translocated into a compartmental peptidase (magenta), and degraded. Peptide fragments are shown diffusing out of the peptidase, but active participation of the ATPase may be required for exit of large fragments. AAAϩ ATPases that function in protein degradation with the ATPase pore and providing a path for translocaand disassembly also contain distinct subfamily-spetion of unfolded substrates through the ATPase and into cific domains (Schirmer et al., 1996) . Some of these the degradation chamber (Figures 1 and 3 In terms of protease specificity, it is natural to think about a single class of substrates being cleaved by a given enzyme, but this model is inadequate for bacterial AAAϩ proteases. ClpXP, for example, degrades hundreds of different E. coli proteins in addition to ssrAtagged substrates, and many of these substrates interact with ClpX using different types of peptide signals How does a AAAϩ ATPase unfold a protein substrate? turation of different substrates emphasizes the importance of local structure in resisting denaturation and Current evidence suggests that, following binding of the peptide tag, the enzyme begins to translocate this tag provides additional clues about the protein-unfolding mechanism. ATP hydrolysis drives repetitive cycles of through its protein-processing pore (Figures 1 and 6 ). Attempting to pull the attached native protein through conformational change in the AAAϩ ATPase. The enzyme has no way of storing energy from one hydrolysis this small aperture would generate a denaturation force. This pulling model makes structural sense and is attraccycle to the next, and denaturation of single-domain substrates occurs in an all-or-none fashion and not, for tive for several additional reasons. First, the same ATPdependent conformational changes that drive translocaexample, by taking the protein apart one structural piece at a time. Hence, each cycle of ATP hydrolysis must tion would also cause denaturation. Second, for a large number of different proteins, a single "strong" degradarepresent a new attempt to denature the native protein, which either resists or succumbs to unfolding with a tion signal like the ssrA tag is sufficient for efficient denaturation by AAAϩ ATPases. If a second signal is probability that depends upon its structural stability (Figure 6) . Stable native proteins appear to require hundreds required for unfolding of these substrates, then it must be generic and present in almost all proteins. The "pullof denaturation attempts by the ATPase before the probability of unfolding is high (Kenniston et al., 2003) . Nevering" model of denaturation requires just one point of contact between the ATPase and the substrate and is theless, there must be the same chance that denatur-ation will occur on the first attempt as on any subsequent and Baker, 2003). The recombination steps catalyzed by MuA are driven by the increasing stability of the attempt. The stochastic nature of this process indicates that some protein molecules in a population must be protein-DNA complexes. Once recombination is complete, however, the protein-DNA complex must be dismore susceptible than others to enzyme-mediated denaturation, presumably because of structural distortions mantled to allow subsequent DNA replication and repair steps. ClpX promotes this disassembly reaction by uninduced by thermal motions in which a few noncovalent interactions near the primary degradation tag are broken folding the transposase. Importantly, only one subunit of the MuA tetramer needs to bear a recognition signal transiently. For substrates with very stable structural elements neighboring the degradation tag, the probabilfor the disassembly reaction to proceed. This and other results suggest that unfolding of just one subunit of ity of such distortions and thus the chance of unfolding per cycle is low. As a result, hydrolysis of many ATPs the MuA tetramer is sufficient to destabilize the entire complex. In the same way that removing one block from is needed on average to ensure denaturation. For substrates with less stable local structure, the unfolding an arch could lead to its collapse, unfolding and removing one subunit from a macromolecular complex can probability per cycle is high and only a small number of enzyme turnovers are required on average to denature create a fragile structure that will dissociate spontaneously. most molecules.
peptidase (Figure 1
In the model of Figure 6 , the partitioning between Global unfolding is not required for all remodeling reactions carried out by AAAϩ ATPases. During DNA substrate release and denaturation acts as a biochemical "clutch" that allows the AAAϩ motor to disengage replication, for example, the AAAϩ clamp loader opens one of the subunit-subunit interfaces of the processivity rather than stall when denaturation fails ( The pace of advances in our understanding of the biological roles and mechanisms of the AAAϩ ATPases Energy-Dependent Demolition Allows Escape involved in protein degradation and disassembly has from Deep Energetic Wells been dramatic. This progress has depended on the The assembly of more-and-more stable protein/protein availability of information about the three-dimensional or protein/nucleic-acid complexes often drives biologiconformations of these enzymes, on the discovery and cal reactions forward. Although this strategy provides characterization of new substrates and adaptors, and directionality by proceeding downhill to a thermodyon the availability of substrates and adaptors that are namic minimum, it creates problems if the structure aswell characterized in terms of both recognition determisembled is not the final product of the pathway. In such nants and structural properties. Numerous important cases, AAAϩ ATPases are frequently recruited as "requestions, at both the biological and biochemical levels, modeling" or disassembly chaperones to carry out enremain unanswered but now seem within reach. ergy-dependent dismantling of a macromolecular com-ase ClpXP is required for efficient substrate delivery: a protein
